UNCLASSIFIED 


.n  262  838 


HepAoduced 
Ihi  the 


ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 


UNCLASSIFIED 


NOTICE:  When  governmemt  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  "nui^se 
other  than  in  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Government  thereby  inctirs  no  responsihility,  nor  any 
obligation  -vAatsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  coi^oration,  or  conveying  any  ri^ts 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


It" 


uDDl 


S/-  y-y 
XEROX 


itt 


MEMORANDUM  REPORT  NO.  1353 
JUNE  1961 


EXPERIMENTAL  STUDY  OF  MAGNETIC  EFFECTS 

IN 

STEEL  UNDER  EXPLOSIVE  LOADING 


Robert  E.  Franz 


Department  of  the  Army  Project  No.  503-04-002 
Ordnance  Management  Structure  Code  No.  5010.11.815 
BALLISTIC  RESEARCH  LABORATORIES 


ifj)K{eiU>>i«t9taiBg0Ci»WK»KWSMBWisu«»iaaiiwaB«s»:<s«^^ 


ABERDEEN  PROVING  GROUND,  MARYLAND 


ASTIA  AVAILABILITY  NOTICE 


Qxialifled  requestors  may  obtain  copies  of  this  report  from  ASTIA. 


ballistic  research  laboratories 


MEMORANDUM  REPORT  NO.  I555 
JUNE  1961 


EXPERIMENTAL  STUDY  OF  MAGNETIC  EFFECTS 
IN 

STEEL  UNDER  EXPLOSIVE  LOADING 


Robert  E.  Franz 


Terminal  Ballistics  Laboratory 


Department  of  the  Army  Project  No.  505-04-002 
Ordnance  Management  Structure  Code  No.  50IO.II.815 


ground. 


ABERDEEN 


proving 


MARYLAND 


3AS.IISTIC  SISSSASCfi  L  A  B  0  il  A  f  0  R  I  E  S 


MMORASDUW  fiEBOKC  KO.  1555 


REFranz/bjk 

Aberdeen  Proving  Ground^  Md* 
June  1961 


EXPERIMEIjnAI,  STUDY  CP  MAGNETIC  EFFECTS 

IIT 

STEEIi  UNDER  EXPLOSIVE  IQADING 


abstraci 

A  series  cf  experiments  have  heea  performed  la  Order  to  study  the 
magnetic  effects  Of  pressure  vaves  propagated  Ic  magnetised  steel  ro5s» 
typical  cai.es  are  shewn  for  different  values  of  magnettsatloa#  Kea^urs 
meats  cf  vave  velocity  vere  made  sad  a  value  of  5-555  •  0.092  mtn/;»  sec 
obtained.  Correlatloa  of  pressure  levels  wi-ch  etatie  tests  was  found  tg 
be  poor. 
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lirafRODUCTlOK 


1%  is  Imowa  that  pressure  vaves  propagate3  ia  jiagnetiaeci  steel 

iroa  cause  nagaetle  changes  in  the  material.  •’  '  This  Is  not  unexpeetes 

since  stress  is  one  of  the  major  factors  affecting  the  magnetic  properties 

of  all  ferromagnetic  materiaJLs .  Changes  in  magnetization  due  to  the 

application  of  static  tension  or  conrpresslon  have  long  teen  hnowa  aad 
k  5 

measured.  ■’  These  changes  are  affected  "by  several  things  vhich  are 
difficult  to  control,  such  as  the  previous  magnetic  and  metallurgical 
treatment  of  the  material.  Divergent  data  may  be  foimd  for  similar 
materials  due  to  Just  such  differences^  so  that  in  any  experimental  stud/ 
care  must  he  taken  to  assure  uniformity  of  the  experimental  materlala. 

The  p\irpose  of  the  ei^erlments  related  in  this  report  was  to  study  the 
changes  in  magnetic  flux  in  steel  rods  which  underwent  explosive  loading 
and  to  correlate  them  with  the  stresses  produced  by  such  loading. 

EXPERIMEKTAL  PROCEDURE 

The  explosive  used  was  50/50  pentolite  east  in  5"  long  cylinders 
1"  in  diameter.  These  were  placed  against  annealed  lOJO  carbon  steel 
cylinders  of  the  same  diameter  and  approximately  16”  long.  The  steel 
specimens  were  clamped  In  a  soft  ii-on  yoke  which  had  a  coil  wound  on  It 
to  provide  an  m.  m.  f.  for  magnetizing  the  specimen  (Figure  l).  This 
gave  a  comparatively  constant  flux  along  the  length  of  the  specimen  \dileh 
could  be  varied  from  low  values  to  saturation. 

Other  tests  were  made  with  a  large  solenoid.  This  made  the  steel 

rods  an  open  magnetic  circuit  with  attendant  demagnetizing  effects  at  the 

6 

ends  and  an  appreciable  lag  in  magnetization  at  rapid  rates. 

Search  colls  were  placed  around  the  specimen  at  various  distances 
from  the  explosive-metal  Interface.  These  consisted  of  5  turns  of  Wo.  22 
Formex  wire  wound  on  Insulation  tubing.  The  axial  width  of  the  coils 
was  approximately  1  mm.  Flux  density  measurements  were  made  using  a 
General  Electric  Company  fluxmeter  and  the  coils  were  subseq^uently  connected 
to  a  number  of  oscilloscopes  which  were  triggered  at  measured  tlm#  intervals* 
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The  initial  trigger  waa  pravl4e4  l>y  ft  pal2»  Of  iattulated  Vtx-€fi  twisite^ 
together  and  placed  at  tha  e;^losive»tnetal  ill'terfe'eo*  These  fitorted  as 
ifehe  detonation  front  passed  and  a  elo^ile  electronic  Circuit  stajTt&d  # 
time  delay  generate?*  Which  In  turn  triggered  the  oscilloscope  aireepirg 
circuits*  Oscillograms  verc  taken  on  Bolarold  Leotera  Slide  Flla  on 
t&ich  timing  marks  vere  placed  previous  to  firing. 

ItESUlTS 

figure  2  shows  typical  oscillograms  Obtained  In  this  manner  at  10.@ 

end  22.8  cm.  dewa  the  rod  from  the  explosive  end  at  different  Initial  flux 

densities.  Fositlve  going  signals  are  caused  by  a  decrease  in  magnetic 

flux.  An  increase  in  the  initial  magnetlaatloa  of  the  specimen  causes  an 

Increase  Iti  pulse  height  which  then  decreases  with  a  further  increase  in 

the  magnetization.  When  a  critical  value  is  reached  (approximately  ik 

kllogauss)  the  signals  reverse  sign  showing  an  increase  of  flux  in  the  rod. 

h 

The  lehavlor  closely  resembles  vhat  is  called  the  Villari  Reversal.  That 
is,  a  depression  of  the  magnetization  curve  of  iron  by  pressure  at  low 
initial  flux  densities  and  an  increase  in  magnetization  at  high  flux  den¬ 
sities  with  a  crossover  at  eroimd  the  knee  of  the  magnetization  curve 
(13  kilogauss),  hence  the  name  Reversal,  Figure  3  shows  the  first 
voltage  peak  plotted  against  laaitial  flux  density.  In  most  cases  three 
main  pulses  are  obtained.  Their  time  spacing  is  approximately  constant, 
being  at  a  frequency  of  about  200  kilocycles. 

Figure  h  shows  some  oscillograms  obtained  using  the  large  solenoid. 
These  shots  were  used  to  measure  the  velocity  of  the  pressure  wave  in  the 
rods.  This  was  found  to  be  5»95^  ”  0,092  mm/p  sec,  which  Is  close  to  the 
velocity  measured  ultrasonically  at  10  megacycles  (5»9^  mm/n  sec). 

In  order  to  correlate  changes  in  magnetization  and  pressure  levels  In 
the  steel  that  was  used^  static  loading  tests  were  performed  and  pressure 
versus  change  in  magnetization  measured.  This  relationship  is  essentially 
linear  for  a  given  initial  flux  density  and  diameter  of  rod.  Figure  5  shows 
the  results  of  these  testa  with  a  1"  diameter  rod.  Figure  6  shOWB  the 
xesulta  at  given  initial  fltrf  and  different  diameters* 


C0NCHJSI0U3 


Zt  Gan  tiG  seen  from  the  eq,u£ttioa  for  eleetromaguetio  indusiios  that 
the  pressure  should  ta  proportional  to  tha  integral  Of  the  iastantaneoos 
voltage  Induced  In  the  search  coll  if  efifly  currents  and  hysteresis  loss 
are  negleetedj  thus: 

D  . 

e  •  <»Wda  X  10*”  volte; 
dt 

»  kAp  • 

At  At 

letting  At->  0  and  taking  limits. 


then 

and 


dS  : 

=  k  ^  j 

dt 

dt 

e  *= 

-Nk  dp  X  10* 

dt 

P  =* 

-  ^  r  edt. 

kW 


vhere  5  «  flux  In  Maxwells 
t  =»  time  In  seconds 
H  e  numher  of  turns  on  search  coll 


p  =»  pressure  in  psl 

k  c  coefficient  of  pressure  In  maxwells/psi. 

Pressxire  profiles'  vere  calculated  by  Integration  of  tho  signals  obtained 
from  the  search  coils.  These  values  of  pressure  turn  out  to  be  extremely  lov 
at  distances  10,5  ca  h  22.8  cm  down  the  rod,  reaching  a  maximum  Of  only  5-^ 
thousand  psi,  as  compared  to  values  of  pressure  obtained  by  pin  measurements 
at  the  same  points.  Pin  measurements  Indicate  pressures  almost  10  times  the 
magnitude  of  those  calculated  from  magnetic  effects.  It  Is  Interesting  to 
note  that  the  magnetic  measurements  are  consistent  within  themselves  slnce^ 
at  different  initial  flux  densities  the  pressures  deduced  are  epproxlma'bely 
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lAe  nesia*  7  eHovs  tlie  ewrv9&  0tttaiacd  vith  ettciijLogx^s  of 

Tisfiie  2*  Flsian  3  shova  the  r^Bvlts  froa  tuD  different  disaster  rods* 

It  sliovlii  ts  pointed  out  that  the  det&ile  of  the  cale«lated  preseure-tiae 
eurves  ere  ppeserved  for  different  Initial  fltse  densities  eltho^gb  no 
Ol^anation  of  this  behavior  can  be  given*  ante  pressures  obtaitied  by  the 
ma^Betle  fliuc  laethod  are  probably  most  seriously  affected  by  efUly  ettrre{|t 
Ifisees  In  the  steel,  tuagoetle  viscosity  effeets,  end  to  a  lesser  degree 
by  hysteresis  effects* 


BiOBCSX  S* 


REFERENCES 


1.  Kulterman,  R.  W.,  Neilson,  F.  W.,  and  Benedick,  W.  B.  Appl.  Phjrs. 

29,  .500-802  (1958). 

2.  Neilson,  F.  W,  and  Anderson,  G.  W.  Bull.  Am.  Phys.  B§»£.  ^S’ef.  li. 
502  (1957). 

5.  Allison,  F.  E.  10th  Quarterly  Progress  Report,  Contrawii 

ORD-515  April  30,  1958. 

4.  Vallari,  E.  Amn.  Phys.  Chem.  126,  87-122  CI865} 

5.  Stacey,  F.  D.  Can.  Journ.  Phys.  54„  504j511  (1958)* 

6.  Snoek,  J.  L.  "New  Developments  ie  Fet  ?omagnet,le  Mate:pSajfei*ji 
Publishing  Company  Inc.  194-9, 


DETONATOR 


magnetizing  yoke 
riGURS  1 


3000  GAUSS  INITIAL  INDUCTION 


7500  GAUSS  INITIAL  INDUCTION 


10.8  CM 


22.8  CM 


I  VOLT/CM  I  MICROSECOND  MARKERS 
9000  GAUSS  INITIAL  INDUCTION 

0SCILL0GHAM3 
FI(3URS  2 


6 

2  CQ 


o 
.  o 
2  LjJ' 

o 


q: 

LU  >- 


H  or 


Q  O 


Sx 

§3 

H  U: 


to 

CO  C/)  C/0 
-n  3  3 

<  << 

O  o  O 

^  CD  CD 

St  ^ 

SSS 


'^3 


06CI  LU>3rw-j.?g  K;ij!i.;  S0LE310ID 
Fijr.liS  i> 


,  »««■»■■■  aiRiifii 


I  ■■■■■■■■■■■■■■■ 

I  ■  ■■■■■  ■■■■iaaai. , .  _ 

(■■■■■■■■■■■■■■I — 


K«a«l 


i!l 


IRMI 


jSSSiaraL 


!■■■■■■■■■! 


iHaHaaaBgiiaaaaaBaaaHRvauaaiBiaBauiiiiaaaii 
aBBaRaiaiaaaaaEBBBiBaab<>^aaaiaiBaaaaaiiiRBaii 

BBBBBBiBBaBBBBBBBB'aaBBBkWiSaiiBBBiaBaaaEBBBBBI 


aBBBBBBBl 

[jbbbbbbbI 


iBBBBBBBBBBBBBBBBBBaBBBI 
iBBBBBBBBBaBBaBBBBBBBBBI 


SaaBBBBBBBBBI _ _ 

BBBiBBBBBBBaBBBBBBI 

_ _ _ ^BaaB|BBBBiiBBBBBBiBapM«MMi 

iBBBBBBBBBBBBBBaBBBaBBBBBB&BBp&ailBBBaaBiiiBiaiBBBBEBBBB^BiBBBaB 

iBBBBBBBBBiBBBfBEBBaiBgiBiKi;iiiiBSigaiEiiiiifBBi§Eiiiii5BSs5!B55S5 

IBBBBBBBBBaBlfBaBafliBBiBBBuikiRBifSiiiiigiiiBgiigiigiBflBBaBBBBBBBl 

liBBiaBBBBBBB 

_ BBBiBBBBBBaa 

■liBBigBBBBBBBBl 

iIBbbbbBbbbbbbbb 

^BBBBBBBJBBBBBB. 


■■■■■■■■■■■ 

IIBBBBBRBBB 

liBBBBBBBafi 

IBBBBBBBBBB: 


iBBaBBBBBBBBBBI 

BBBBr - 

BBBBI . 

BBBBBI 
BBBBBl 

H5SI 
SSSL 

BBBBBI. _ 

SBHUHSSSSSSSS 

BBBBBBBBBBBBafBBBfll 
BBBBBBBBBBBBg  liiaBI 

BBBBBBBBBBBBiUBBBI _ 

BBBBBBBBBaBBBBaBBflBBfl 
-BRBBBBBBBaaB  BaiBBMi] 
.^BBBBBBBBBBBBBBBBBBr 

iBBUSSSUBU 

^mhHSBKUI  88 

888881  88 

_ ^BBBBBBB  lBr~ 

S8SS8888888  8} 
88888888^:.  7 

BBaBBBBBBBiBB  I 

888888888181 

~lf?aBlHiaiM 


a BBBBBl 


BBBBBBiMBBBBBl 
- ^bbbbbbbbbI 


‘88! 


_ _  iBBlBBBBBSSuSi 

mS888888r^«^ 

IBBBBBiEBaflBBai 


■BBBBBI 


bbbbBbbi 


i«ilSS88 

IbbEbbbmi  .... 

IBBBBBBBBgl 
IBBI 

. _ jr“ 

iBBBBBBBL _ 

{bbbbbbbbbbbbbbbbbbbbb; 

iBBBBBBBBBBBBBBaaBBBBBI _ 

iBBBBBBBBBBBBBBBBBBBBBBBBBBB! 
iBBBBBBBBBBBBaBBBaBBBBBBBBBri. 
{BBBBBBBBBBBBBBaaBBBBBBBBBBBB 
faBBflBBBBBBBBBBflBBBBBBBBBBBBB 
IB  BBBB  B  BBBBBBBBBBBBBBBBBBBBI — 

1 B  B  B  B  BBBBBlBBBBBaBBBBBB: - 

I B  BBBBBBBBBBBBfl  BBBaBil 

{bbbbbb^ - 


*^**8881 


_ _ _ iBBBBBBBBBBBBBBBBBBBaaBBBB 

iBgflIhBBraBBBBKiBBiraBBBBBBBBBBBBBBBaBBBi 
HiBfiBBamBBI^EBBfiBBBBBaBBBBBBBBBBBBBBB 
IBaiflBfBanBa'iBBBBBiBaBBBBBEBBBBBBBBBBB 

BIBKBBBBRiBBBriBBiBBBBBBBBBBBBBBBBRir 
■BflBBBBriaBB'BBBBBaBBBBBBBBBBBBBBB  B I 


BBBuani 


IBI 


BBBBBaBBBBRriBnaBBaBl _ , 

BaBBfllBiBB’BBaBBraaBBBBi 
BBBBBBIMnBBBKBBRBBBaBBBi 


_ 'B 

IBBBBB 

BBBBB 

BBBBB 

BBBBB 


BBBBBBBBBBBBBBBBBBBflBBIMnBBBKBBRBBBaBBfliBBBBBBBBBBBBBBBBB 

IBBBBBBRBBBBBBBBBBBaEBBllPMBnBUBBKBBBBgBBiBBBBBBBBBBBBBBBBB 

iBBBBBBBHBBBBBBBBBBBBRBlfW'lBfiBBBBfiBBBBiBiEBBBBBBBBBBBBBBBBB 


IBBBBBBBBBBBBBBBBBBI 

iBBBBBBBBBBBBaBBiaai .  ..  _ 

iBBRBBBBBBBBBBBBBBBBBBBBBaBI-. 
iRBBflBBBBBBBBBBBBBBBBBBBBBBB; 
^laiBBBBI - 


BBBBBBK  BrOBIIUI 


iBBaBBBBBBBBBBBBBBBBBBBBBBBI 
iBaBBBaaBBBBBBBBBBBaBBBBBBBL. 

iflBBBBaaaBBBBBBBBBBBBBBRBBBBL,.. 
aBBBBBBBBBBBBBRBBBBBBBBBBBB'l'il! 


IBBBBBBB 

_ _ _ ^ _ JBBBBBBB 

rBBBBBBflBBBBBBBBBBBBBBBBBBBB 

g_.?aBBBBBBBBBBBBflBBBBBBBBB  BBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
r,BBBBaBaBBBBBBBBBBBBBaBBBBaBB 
IBr#i.B«|^B.......g.B-H....l.B-B.. 


IBBBBBBBBflRBRBBBBBBI 

IMBBBBBBBBBBBBBBBBBI 


IBBBBBflBBBBBi 


IBBBI 


lagBlBB  BB  EK  Jflk  BBr4BBBB  BBBBBaBBmHBBSaaBB  BBB  BBB  B 
IBiBaBaBBU2?'°aB-^BiBBBBBBBBBBBBBBBBBBBBBBBBBBaB 
IBBBBBBBgaglitBBaBBiBBaBBBBBBBBBaBBBBBBBBBBiBBaB 

IBBBBBBBBBBBgBB 

■b88888bbb8b8 


BBBBBBBBBBBRBBBBBBL _ _ _ _ _ _ 

BBBBBBBBBBBflBBBBBBBBflBBBBiraei^BB^BBBBBBBBBBBBBBBflBBBBBBBBliBBBaipmi 
BBBBBBBBBBBaBBBBBBBBBaaBRiril^eBRRBRBBBBBBBBBaBaBBBBBBBBBBBBBBBBBBl 

BBBBBBBBBBBBBBBBBaBBBBBBreTi.T(flKfBBBBBBBaBaBBBaBBBBBaBBBBBBr - 

BBBB  BBBBBBBBBBBBBBBBBaaBB£>t$i  liBBBBBBBBBBBBBBBr - 

aBBBBBBBBaBBBBBBBBBBBBBBBB^WBBaBBBBBBBBBBBI. _ 

BBBaBBBaflBBBBBRaBaBBBBiBflBBXCaBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBBBl 
BBaaBBBB5BaaaBaBBHBaflHBBafla»'>y>2aBHMBHaaaBBBBBBBaBBBBaBBBBBBBBBB| 
EBBBRBBaaBBBBBaBBaaBBBaBRBBRiSiiilBBBBBBaBBBBBBBBaBBBBBBBBBBBiaBBBl 
BaBaBBBKaBBBBBBBB>:«BBBBflBBBI!!IBBBBBBaai<aiBBBRBaBBI<>|BBBaBBBBtoEBBaBl 
'■■BBBag>:ilBBBBBBBB|£«BMBBBaBBiiBBBBBBBBai>aiiBBaBBBBC*OtBRBBaBBB(*BBBBBl 
■NBBBBiBaBBBBBBBBBBBBBRBJiaBBBBBBBBBBBliiiBBBBRaBbyBBBBBRaacaaBBBl 
BBBBBWillBBBBBBIiBaBBBBaiggrii7.nagl:B>,fBBBBiBBBaBBBBBBBBBBBBBBtJBBBBil 


14 


CHANGE  IN  INDUCTION  VS.  CHANGE  IN  PRESSURE 
FIGURE  5 
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